The applications of acoustic emission (AE) technique in detection of valves are presented in this review, and the theoretical models and experimental results of nondestructive detection of valves using AE are provided. The generation of AE signals and the basic composition of AE detection system are briefly explained. The applications of AE technique in valves are focused on condition monitoring, failure, cavitation detection, and the development of portable measuring devices. All results prove that the AE technique works well in the detection of valves.
Introduction
The valve plays a key role in some fields such as the nuclear power plant, transport of corrosive fluid, controlling of water, and oil and gas pipelines. The serious problems will occur when the valves are failure, such as waste of resources, serious environmental pollution, huge repair costs, and threat to lives [1] [2] [3] . Some researchers have found that one main failure type of valves is the fluid leakage induced by sealing surface failure [4] . In addition, cavitations of valves are also interesting. With the application of valves becoming more and more wide, many methods for detection of valves are developed.
Some techniques have been used to diagnose leakage of a valve. Tandon and Choudhury briefly introduced some methods for detection of leakage in valves [5] . These methods could be narrated as follows: the shock pulse method, acoustic emission (AE), ultrasonic leak detection, vibration analysis below 20 kHz, and other methods including the thermography, specific gas detection, and pneumatic and pressure change. However, some of them are not popular in valves because of some inherent characteristics of themselves such as the temperature influences of environment on thermography and the constant pressure changes of valves. It is well known that acoustic emission sensing is a reliable intelligent technique for monitoring status of materials under stress. In the last decades, the applications of AE technique in nondestructive detection of valves were developed greatly. The AE signals introduced by leakage of valves belong to high frequency waves, and it cannot be easily interfered by the ambient noise [6] . The AE technique also can detect the leakage without disassembling valves [7] .
The Acoustic Emission (AE) Technique

The Principles of Acoustic Emission (AE).
The acoustic emission (AE) technique, which is a nondestructive testing method, is a technology that can diagnose the working state of mechanical parts through detecting and analyzing the transient elastic wave generated by a rapid release of local energy sources within a material such as cracking, rubbing, polishing, impacting, cavitations, and leakage [8] . The AE technique with high sensitivity [9] was widely used in various fields such as the process monitoring of mechanical manufacturing [10, 11] , construction industry [12] , material researches [13, 14] , and leakage detection of pipelines [15, 16] . Jomdecha et al. used the AE parameters including amplitude, counts, click rate, and time to assess different types of corrosion. The corrosion position achieved by this method had a good 2 Advances in Materials Science and Engineering agreement with that obtained by experiment [17] . Lura et al. had a study on the self-drying phenomenon of cement slurry with the AE technique and obtained the conversion time of the liquid phase and solid phase [18] . Ukpai et al. detected the erosive wear of X65 carbon steel using AE technology and found that no obvious damage existed if the AE energy was below the threshold value. This research provided a new method for studies of materials, design, and manufacture of machine [14] .
The Acoustic Emission (AE) in Valves.
Researchers have found that the AE signals also exist in the process of fluid leakage such as the valve leakage [19] . It belongs to high frequency stress wave induced by the turbulence, which is due to the random flow when the fluid goes through the leak hole of valve [20] . The frequency varies from 100 kHz to 1 MHz [4] , and it can be easily identified by environmental noise from the factory [21] . El-Shorbagy found the measurement of flow rate and the automatic online control could be achieved through monitoring the sound level of valve noise [22] . Sharif and Grosvenor presented an experiment on the leakage of compressed air through an industrial control valve and analyzed the frequency spectrum of the AE signal. The results demonstrated that the frequency components related with leakage could be clearly picked up from AE signal with background noise [23] . Lee et al. studied the AE characteristics of leakage in two valves (the steam ball valve and water ball valve) under a situation of different leakage modes, and it can be concluded that the leakage rate of valves is directly proportional to the sound amplitude [24] . Recently, the rate of gas leakage of a valve was estimated by the theoretical relationship between the features of AE signals and internal leakage rate of valves [25] . Thus, it is feasible that AE technique can be applied in the inner leakage detection of valves. The process of estimating the leakage rate is shown in Figure 1 .
Experimental Setup
To estimate the leakage rate of a valve, many researchers conducted the experiments and the theoretical investigations on the relationship between the AE signal and the valve leakage. The experiment system which consists of the leakage system and the AE measurement system is shown in Figure 2 .
For leakage system, valves are chosen to be the test subjects, which mainly are ball and globe balls because of their wide applications. In these experiments, different sizes of valves were tested in order to achieve the relationship between the leakage rate and the valve size. The leakage was generated by three ways: the artificial destruction of the valves [26] , incomplete closure [27] , or simulated leakage source [28] .
AE measurement system consists of the AE sensor, the preamplifier, the band pass filter, amplifier, and the real-time signal analyzer. The AE sensor with a natural frequency of 150 kHz [29] is used to obtain the AE signal. The preamplifier with 60 dB gain can amplify the AE signals in order to be suitable for subsequent processing. The band pass filter of 100 kHz-300 kHz is in the experiment to obtain the ideal range of frequency. The output AE signal is sent to the amplifier which is set at 20 dB. Then its waveform is recorded by a real-time signal analyzer with a maximum sampling rate of 10 MHz.
The Processing Methods of AE Signal
The Parameters Analysis of AE Signals in Valves.
Parameter analysis (i.e., simplified waveform parameters) is a dominant method in the signal processing field. Compared with the full waveform analysis method, the parameters analysis has many advances, for example, fast recording and rapid processing. Many parameters, such as the rise time, ringdown counts, amplitude, peak, duration and root mean square (RMS) value, and kurtosis, were analyzed using this method [30, 31] . The parameters are shown in Figure 3 .
Dickey et al. [32] found that the peak amplitude of AE signal in frequency domain was tightly related to transducer response or valve geometry. Gao et al. presented the relationship between the AE parameters and the parameters of fluid filed and valves. It was found that the ring-down counts, energy, amplitude, or RMS value of AE signals induced by leakage was directly proportional to the inlet pressure [33] . However, the AE signal induced by the valve leakage is continuous. Two parameters, the effective voltage (RMS) and average signal level (ASL), are used to describe the AE signal. RMS and ASL are the root-mean-square value and average of signal level within sample time, respectively [34] . Kaewwaewnoi et al. found that a good correlation existed between the leakage rate and the ASL. An equation related to the valve leakage rate was achieved [35] . Many literatures presented the average energy of AE signal (AErms) as a more sensitive parameter of valve. Chen et al. evaluated the various parameters of AE signals in terms of their capability of estimating the internal leakage rate of a water hydraulic cylinder. They have shown the RMS value was more suitable to interpret AE signals generated by internal leakage [36] . Kaewwaewnoi et al. also found the relationship between the AErms and the parameters such as inlet pressure levels, valve sizes, and valve types. The AErms could be used to predict the actual leakage rate qualitatively [27, 37] . In [38] , the characteristic of AE signal in frequency domain and a relationship between the AE signal and the leakage rate were studied in a ball valve. Jiang et al. explored the function between the Reynolds number (Re) and the sound pressure level of gas leakage with AE technique. The mass of gas leakage in the flow field was calculated, which is the foundation for the detection of the valve leak [39] . Gao et al. presented the quantitative relationship between the valve leakage rate of coal-fired power plants and the AErms. Its precision was verified by the practice results [40] .
Based on the above, the following results could be summarized.
(1) The power spectrum density (PSD) of fresh water was greater than the compressed air because the acoustic impedance of water was closer to that of the valve material.
(2) The AErms increased with inlet pressure, which was similar to the relationship between the AErms and the leakage rate.
(3) The AErms was inversely proportional to the size of valve.
(4) The AErms was inversely proportional to the flow coefficient.
The New Analysis Methods of AE Signals.
With the development of technology, many new signal processing methods are proposed and applied to practice fields. To extract the useful information from the AE signals, some methods are used, such as fast Fourier transform (FFT), wavelet transform (WT), and Hilbert-Huang transform (HHT) [41] .
In [42] , the adaptive filtering technique, which enhances the AE signals generated by diesel fuel injection, was proved to work well in detecting small changes. A statistical noise removal technique called Rao-Blackwellised particle filter (RBPF) was proposed to improve the signal noise ratio (SNR) of AE signals. Based on the analysis of the AE data, it was demonstrated that the RBPF was feasible in enhancing the SNR of AE signals [43] . An improved wavelet double-threshold denoising optimization, which could largely increase the SNR value of AE signal, was presented and the least squares support vector machine (LS-SVM) method was used to recognize working conditions of pipelines [44] .
Ahadi and Bakhtiar proposed the tuned wavelet which is a guiding method of selecting mother wavelet applied in wavelet transform (WT). It became the standard of selecting mother wavelet [45] . Lu et al. investigated the effectiveness of time-frequency analysis of the AE signals by the tension tests of carbon fiber reinforced plastic (CFRP) composites, where short-time Fourier transform (SFT), wavelet transform, and Hilbert-Huang transform were used. It was found that the Hilbert-Huang transform (HHT) had the advantage in dealing with nonstationary signals [46] . Yang et al. also used HHT to study the AE signal induced by grinding burn, and good results were achieved [47] . Liang and Zhang presented a new leakage detection program for pipeline, which includes the wavelet packet analysis (WPA), principal component analysis (PCA), Gaussian mixture model (GMM), and the Bayesian information criterion (BIC). It was effective in experiments [48] . Le et al. presented a method to detect leakage of an electrohydraulic cylinder based on multilayer perceptron (MLP) type neural networks, which could successfully detect leakage in the single or multiple fluid power systems [49] . Sun et al. proposed a small leak feature extraction and a recognition method based on local mean decomposition (LMD) envelope spectrum entropy and support vector machine (SVM) [50] . Park developed a method to diagnose the different failure modes of the valve with the AE sensors and a neural network model [51] . In [52] , an improved wavelet neural network (WNN) algorithm which combines with modified particle swarm optimization (MPSO) was presented to overcome the problems such as shortage in responding speed and learning ability. The energy and square error of the signals in the detail levels are input to the trained WNN to estimate the tool wear. Comparing with conventional BP neutral network, the advantage of the improved WNN algorithm involved a simple structure and faster converge conventional WNN and genetic algorithm-based WNN. Jafari et al. used an artificial neural network (ANN) to distinguish the fault types in valves by the AE features. The results were well satisfied with experimental results [53] . Mao et al. had a real-time fast Fourier transform (FFT) analysis of AE signals, which was developed for monitoring laser welding processes. The results were in good agreement with experimental data [54] . Antonaci et al. analyzed the AE signals using FFT to examine the frequency distribution during the microcracking process. The method for fatigue damage evolution with AE signal was proved to be effective [55] .
The Applications of AE Technique in Valves Detection
The Condition Monitoring of Valves.
With the development of the technique, it is possible to monitor the operating condition of critical valves through the correlation between the AE parameters and leakage rate. The purpose is that the maintenance or replacement can be performed prior to the loss of safety function of the critical valves. The condition monitoring is mainly used for the valves in nuclear plants. Allen et al. used the advanced monitoring diagnostics to detect two fundamental types of failure in the valve used in nuclear power plant. They realized the online judgment of the valve failure modes through the comparative analysis between the data measured and the earlier model analysis [56] . Haynes evaluated three diagnostic monitoring methods in the check valve, which contained the acoustic emission and ultrasonic and magnetic flux. They found that the combination of acoustic emission with either ultrasonic flux or magnetic flux was significant in detecting operating conditions of the check valve [57] . Lee Y et al. developed a condition monitoring system of check valves using the AE technique and neural network. In this system, the AE signal acquired by sensor passed through a signal condition. The process includes rejection of background noise, amplification, analogue to digital conversion, and extract of feature points. The developed system finished timely detection of failure of valves, successfully [58] . Lee and Kim et al. systematically studied the relations between AErms and failure modes such as disk wear and foreign object of check valves. In their study, an advanced condition monitoring technique based on AE detection and artificial neural networks was applied to the valve, which could successfully finish the evaluation of different types of failure modes [26, 59, 60] . The schematic diagram for condition monitoring test of the valve is shown in Figure 4 . Boken developed a monitoring system of valves through the comparison of the AE signals measured practically and a memory stored in before [61] . Shukri et al. discussed the effectiveness of AE technique as a fault detection monitoring system on control valves based on statistical analysis parameters. And a real-time AE measurement system was established and tested, which could be applied to distinguish the operating states of control valves [62] .
The Developments of Smart Portable Devices.
The devices employed to detect the leakage of valves with the AE technology are usually huge and inconvenient to move. It is particularly inadequate for detecting the leakage of valves applied in engineering fields. To solve the problems and reduce the cost [63] , some researchers devote themselves to the inventions and improvements of portable devices for leakage detection of valves based on the previous studies. The main idea is that those devices use a sensor to detect the sensitive parameter of the AE signal generated by leakage of valves and then have recognition or diagnosis on the leakage based on the microprocessor. Accuracy is sacrificed a little with this method in order to get the great system simplified and cost reduction. The diagram of system is shown in Figure 5 . Jomdecha et al. developed a system that consists of a field programmable gate array-PC (FPGA-PC) and three AE sensors with 150 kHz resonant frequency, which was very good at locating the AE source from the corrosion in austenitic stainless steel [64] . Furthermore, a system based on FPGA-PC and LOCAN 320 AE analyzer was developed. Through the analysis of amplitude, counts, hits, and time of AE signals from corrosion, different types of corrosion could be identified [17] . The acoustic valve leak detector (AVLD), developed by the David Taylor Naval Ship RID Center (DTNSRDC), was currently being used for troubleshooting, overhaul planning, and a systematic preventive maintenance program for seawater valves [65] . Noipitak et al. presented a relative calibration method for an internal valve leakage rate measurement system based on the microcontroller and AE methods. It reduced the recalibration time and the cost, which laid a foundation for the application of AE technique in valves [28] . Prateepasen et al. developed a smart portable noninvasive instrument for detection of internal air leakage of a valve using AE signals. The measurement part in this instrument is an embedded system, the AErms parameter is used to infer the leakage rate, and the microcontroller is used as the central handler. Before the instrument works, the key point is just completely turning off the valve for mounting an AE sensor without disassembling the valve. The measurement error of this instrument is shown in Table 1 [37] . The UKbased Score Group plc, to meet the market, developed the MIDAS Meter, which helps maintenance technicians to identify the leaking valves quickly and easily [66] .
The Failure of Valves.
The applications of AE technique in detecting failure of valves focused on the leakage of valves, identification of failure modes, and valve degradation [67] . Based on the opposite properties of AE signals and background noise, Nakamura and Terada used an AE sensor 
The Cavitation
The cavitation is a common occurrence in fluid flows. It will occur when the local static pressure is lower than the saturated vapor pressure at the working temperature. The growth and collapse of cavitation bubbles lead to the corrosion or pitting of metal surfaces. The cavitation is a big problem, which accelerates the process of valve failure. Derakshan et al. realized the cavitation monitoring of hydraulic turbines through the measurement and analysis of the true RMS of AE signals [74, 75] . Neill et al. had a monitoring on the cavitation phenomenon of a centrifugal pump based on AE technique and got a more accurate result than vibration signal [76] . Alfayez et al. had a study on the features of incipient cavitation with the root-mean-square value of AE signal [77] .Čudina and Prezelj proposed the relationship between the discrete frequency component and the cavitation. It was concluded that the characteristic discrete frequency tone was closely linked with the cavitation process [78] . Håkansson et al. investigated the location and conditions of cavitation based on a high-pressure homogenizer model with two methods: the scattering of light from cavitation bubbles and the acoustical measurement [79] . Xu et al. found the gas velocity could elongate and strengthen the bubbles and increase the AE signals [80] . Husin et al. presented a method using the AE technology to detect the bubble inception and burst. All studies proved the feasibility that we could monitor the bubble condition and obtain the flow patterns during the phase gas-liquid flow by the AE technique [81] .
Rahmeyer studied the noise limit of cavitation as well as the cavitation limits of incipient, critical, incipient damage, and choking cavitation for butterfly valves based on the analysis of experimental data. He set 85 dB as the limit of the cavitation noise level and discussed the effects of the limit on upstream pressure and valve size [82] . Osterman et al. put forward a visualization method for incipient cavitation detection and made a comparison with pressure oscillations measured by a hydrophone on the two different openings of the valve. It proved that the visualization method was more efficient than the hydrophone measurement [83] . Jazi and Rahimzadeh investigated the acoustic waveform of cavitation in the globe valve and analyzed the waveform and its important parameters by FFT [84] . They also explored the cavitation in globe valves with two different methods: characteristic diagrams and acoustic measurement [85] . So the method of detecting the cavitation in valves using the noise has not high precision because of the influence of ambient noise. The AE technique used in detecting cavitation of valves can be a good solution.
Conclusions
A review of the applications of AE techniques for detecting the condition and faults of valves was presented. The principle of AE was shown and the popular parameters analysis methods were discussed. The parameter of AErms is proved to have a strong relationship with the fluid parameters and the valve parameters, such as the valve types and valve size, the leakage rate, the inlet pressure, and the types of fluid. The detection of leakage, condition monitoring of faults, cavitation detection of valves, and portable measurement device were proposed in this review. The applications of new processing methods of AE signals including fast Fourier transform (FFT), wavelet transform, Hilbert-Huang transform (HHT), neural networks, and genetic algorithm in valves are presented. All results have shown that the AE technique can work well in the field of valves.
